Abstract. A cDNA encoding the full-length 75-kD human nerve growth factor receptor was transfected into MDCK cells and its product was found to be expressed predominantly (80%) on the apical membrane, as a result of vectorial targeting from an intracellular site . Apical hNGFR bound NGF with low affinity and internalized it inefficiently (6% of surface bound NGF per hour) . Several mutant hNGFRs were analyzed, after transfection in MDCK cells, for polarized surface expression, ligand binding, and endocytosis . Deletion of juxtamembrane attachment sites for a cluster of O-linked sugars did not alter apical localization . A mutant receptor lacking the entire cytoplasmic tail (except for the five proximal amino acids) was also expressed on the apical membrane, suggesting that information for apical sorting was contained in the ectoplasmic or transmembrane domains. However, a 58 T HE plasma membrane of epithelial cells displays distinct apical and basolateral domains with different sets of proteins and lipids (9, 50, 58) . To establish and maintain these polarized surface domains, epithelial cells use diverse strategies including sorting and packaging of proteins and lipids into different post-Golgi transport vesicles, targeting of these vesicles to the correct domain, and stabilization and/or accurate recycling of the proteins specific for a given domain . Using different epithelial models such as liver, intestine, and kidney cells, progress was recently made in defining the pathways followed by apical and basolateral proteins from the Golgi complex to their respective domains (2, 25, 37) . Two major sorting sites were established by these studies, the trans-Golgi network (TGN) ' (17, 27, 28, 31, 36, 41) and the basolateral membrane (2, 25, 35, 37) . To date, all basolateral proteins studied appear to be targeted directly from an intracellular sorting site (presumably 1. Abbreviations used in this paper: GPI, glycosyl-phosphatidylinositol ; hNGFR, human nerve growth factor ; PIgR, poly-IG receptor ; PLAP, placental alkaline phosphatase ; S-NHS-biotin, sulfo-N-hydroxyl-succinimidobiotin ; TGN, trans-Golgi network; WT, wild type .
T HE plasma membrane of epithelial cells displays distinct apical and basolateral domains with different sets of proteins and lipids (9, 50, 58) . To establish and maintain these polarized surface domains, epithelial cells use diverse strategies including sorting and packaging of proteins and lipids into different post-Golgi transport vesicles, targeting of these vesicles to the correct domain, and stabilization and/or accurate recycling of the proteins specific for a given domain . Using different epithelial models such as liver, intestine, and kidney cells, progress was recently made in defining the pathways followed by apical and basolateral proteins from the Golgi complex to their respective domains (2, 25, 37) . Two major sorting sites were established by these studies, the trans-Golgi network (TGN)' (17, 27, 28, 31, 36, 41) and the basolateral membrane (2, 25, 35, 37) . To date, all basolateral proteins studied appear to be targeted directly from an intracellular sorting site (presumably 1 . Abbreviations used in this paper: GPI, glycosyl-phosphatidylinositol ; hNGFR, human nerve growth factor ; PIgR, poly-IG receptor ; PLAP, placental alkaline phosphatase ; S-NHS-biotin, sulfo-N-hydroxyl-succinimidobiotin ; TGN, trans-Golgi network; WT, wild type .
C The Rockefeller University Press, 0021-9525/91/11/607/12 $2 .00 TheJournal of Cell Biology, Volume 115, Number 3, November 1991607-618 amino acid deletion in the hNGFR tail that moved a cytoplasmic tyrosine (Tyr 308) closer to the membrane into a more charged environment resulted in a basolateral distribution of the mutant receptor and reversed vectorial (basolateral) targeting. The basolateral mutant receptor also internalized "'I-NGF rapidly (90% of surface bound NGF per hour), exhibited a larger intracellular fraction and displayed a considerably shortened half-life (N3 h) . We suggest that hNGFR with the internal cytoplasmic deletion expresses a basolateral targeting signal, related to endocytic signals, that is dominant over apical targeting information in the ecto/transmembrane domains. These results apparently contradict a current model that postulates that basolateral targeting is a default mechanism .
the TGN) to the basolateral membrane (7, 8, (25) (26) (27) (28) 31) . Apical proteins, on the other hand, may follow direct or indirect transcytotic pathways to the apical surface, depending on the epithelial cell type (2, 25, 35, 37) .
Little is known about the molecular signals that direct proteins along their respective pathways . Chimeric protein experiments designed to identify sorting domains in viral envelope glycoproteins initially localized apical and basolateral targeting information to their large, complexly folded ectodomain (12, 39, 40, 51, 54, 60) . Recent studies using polyIg receptor (PIgR) (5), natural isoforms ofthe FcRII (20) and hybrids between placental alkaline phosphatase (PLAP) and VSV G protein (6) have uncovered basolateral sorting information in the cytoplasmic and/or transmembrane domains . Furthermore, anchoring to the bilayer via glycosylphosphatidylinositol (GPI) strongly correlates with apical localization (33, 34, 68) and addition of GPI to unsorted secretory proteins or to basolateral proteins resulted in their targeting to the apical surface (6, 30) , indicating that interactions with the lipid bilayer are important in epithelial sorting (32, 64) . Co-clustering of glycosphingolipids and apical glycoproteins in the TGN has been suggested as a factor in apical targeting (65) . All of the above suggests that signals with opposite or redundant information exist in different topological domains of a given protein but the nature of these signals, the mechanisms that decode them and the sequence of their operation remain elusive .
With the exception of the PIgR all other recombinant DNA studies searching for sorting signals in epithelial transmembrane proteins were carried out with viral envelope glycoproteins . These glycoproteins are not naturally designed to bepermanently expressed in cells but to be incorporated into budding virions (60) and their tri-or tetrameric nature complicates the interpretation of fusion protein studies (52) . These factors may account for some contradictions observed in studies on features that control their migration along the secretory pathway (52) and their polarized epithelial distribution (9) .
In this report, we analyzed the sorting and trafficking in MDCK cells of the 75ÁD human nerve growth factor receptor (hNGFR) . This receptor has an NH2-terminal ectodomain rich in cysteine residues, one N-and several O-glycosylation sites, a single transmembrane domain and a 155 amino acid cytoplasmic tail (21) . When transfected into fibroblasts, it binds NGF with characteristic low affinity (Kd-10 -9 M) (3) . We compared its sorting and trafficking patterns with those of mutant hNGFRs with deletions of the attachment site for juxtamembrane 0-linked oligosaccharides (which might cluster with apically targeted glycolipids), with a deletion of 150 amino acids of the cytoplasmic domain and, finally, with an internal deletion of the cytoplasmic tail . We found that the wild type receptor was targeted efficiently to the apical surface, where it bound and endocytosed poorly NGF. Deletion of 0-linked carbohydrates or of practically the entire cytoplasmic domain did not affect its apical distribution . However, hNGFR with the internal cytoplasmic deletion displayed a strikingly modified phenotype, with a basolateral localization due to reversed targeting from the TGN, a shortened half-life and an increased endocytic ability . Our results are compatible with a transmembrane or ectodomain apical signal in the hNGFR, which behaves recessively when a basolateral signal is added to the cytoplasmic domain. Together, these data suggest that the apical and the basolateral sorting machineries recognize different topological domains of the hNGFR.
Materials and Methods

Reagents
Cell culture reagents were purchased from Gibco Laboratories (Grand Island, NY) . Affinity purified antibodies (rabbit anti-mouse IgG) were purchased from Cappel Laboratories (Westchester, PA), protein ASepharose was from Pharmacia Fine Chemicals (Uppsala, Sweden) . Sulfo-N-hydroxylsuccinimido-biotin (S-NHS-biotin) was from Pierce Chemical Co . (Rockford, IL) . Enzymes for oligosaccharide digestions were from BoehringerMannheim Biochemical, Mannheim, Germany. All other reagents were obtained from Sigma Chemical Co. (St . Louis, MO) .
Cells, Antibodies, and Cell Culture MDCK cells were grown in DME supplemented with 7% FCS, penicillin (50 U/ml) and streptomycin (50 mg/ml) . When grown on filters, 2 x 106 cells were seeded on Transwell chambers (24.5-mm-diam, Costar, Cambridge, MA) and cultured for at least 5 d with changes of medium ever other day. Rabbit polyclonal antibodies against gp114 were obtained as described
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Constructs
Full-length NGF receptor cDNA (WT), PS mutant, and Xba (XI) mutant were obtained as described (19) and inserted in the retroviral expression vector pMV7. Briefly, the full-length 75-kD human NGF receptor cDNA was subcloned into pBR322, digested with SacI, and religated, resulting in a receptor cDNA with an intact coding region and polyadenylation signal, but lacking 1,759 by of the 3' untranslated region (pSL) . For the mutant PS, pSL was partially digested with PvuII and Stal, religated, and a plasmid lacking the PvuII (940 nt)-StuI (1,111 nt) fragment was isolated . Following EcoRI digestion, the 1 .7-kb PS receptor cDNA was subcloned into the EcoRI site of the expression vector pMV7. The XI mutant was obtained by linearization of pSL at 940 nt with partial PvuII digestion . Universal termination Xba linkers (Biolabs, Beverly, MA) were ligated to the linearized plasmid, cut with XbaI, and religated to generate a TAG termination codon at the PvuII site . The 2 .0-kb fragment containing the receptor cDNA was subcloned into the EcoRl site of pMV7. The BSTE (BE) mutant was generated by BSTEII digestion of pSL at position 805 and 838 and inserted in the vector pMV7.
Transfection and Clonal Selection MDCK type II cells were transfected using the DNA-calcium phosphate procedure as described (15) and clones expressing the neomycin-resistance marker selected in G418 (0 .5 mg/ml) medium. G418-resistant colonies were screened for expression of the NGFR by a rosetting assay involving sequential exposure to the ME 20.4 antibody and to red blood cells coated with rabbit anti-mouse antibodies (14) . Positive colonies were isolated with cloning cylinders, cloned again by limited dilution, and screened for hNGFR expression by ELISA and immunofluorescence .
Immunofluorescence and Frozen Sections
Procedures for indirect immunofluorescence of transfected MDCK cells were as described (49) . For intracellular staining, fixed cells were permeabilized with 0.075 % saponin . Rhodamine-conjugated goat anti-mouse antibodies (Jackson, West Grove, PA) were used at 1/100 . Semi-thin frozen sections were performed by a modification (66) of a procedure by Tokuyasu (62) . Ultra-thin frozen sections were prepared according to Griffiths et al . (18) . Immunocytochemistry was performed by washing with PBS containing 10% FCS and staining with the ME 20 .4 antibody followed by rabbit anti-mouse IgG and protein A-5-nm colloidal gold at pH 8 (59) . Sections were contrasted as previously described (59) .
Cell Surface Biotinylation
Biotinylation of confluent monolayers on Transwells with s-NHS-biotin was carried out three times for 20 min as described (56) . After immunoprecipitation, samples were analyzed by SDS-PAGE and transferred to nitrocellulose. Biotinylated proteins were then revealed by blotting with 125I-streptavidin (56) .
Pulse-Chase Experiments and Cell Surface Immunoprecipitation
Cells grown on filters were incubated for 30 min in DME without cysteine and pulsed for 20 min in the same medium containing 1 mCi/ml of 35 [S]cysteine (New England Nuclear, Boston, MA) as described (27) . After a wash with DME, the cells were chased in DME containing 5 x the normal cysteine concentration . For cell surface immunoprecipitation, antibodies were added to the chase medium (10 pl of ascites/ml) for 2 h at 4°C or 3 h at 37°C . After incubation the filters were washed five times, 10 min each, with DME containing 0.5 % BSA, and lysed as described (27) . The binding of ME 20.4 antibodies to hNGFR was assayed by ELISA in a pH range from 5 to 7.5 and found to be pH independent .
Immunoprecipitation and Glycosidase Digestions
Lysates of labeled cells were immunoprecipitated as described (27) using the mAb ME 20.4 (5 WI/ml) preabsorbed on Protein A-Sepharose beads coupled to rabbit anti-mouse antibodies. Immunoprecipitates were digested with neuraminidase (50 mU/sample) and O-Glycanase (4 mU/sample) after release from the beads by boiling in 50 mM sodium acetate containing 0.1% SDS. Before digestion, Triton X-100 (to a final concentration of 1%) and protease inhibitors were added as described (61) .
NGF Binding and Internalization Studies
NGF was radioactively labeled with Na125I using the chloramine T procedure (16) at a specific activity of 2.5 1ACi/pmole. Cells on filters were incubated with 300 1A of DME containing 1 ng/ml of 125 1-NGF (either apically orbasolaterally) and DME on the other side . After incubation the cells were washed three times with PBS Ca/Mg at 4°C. Surface bound and internalized 12 Sí-NGF (3) fractions were determined by incubating the cells with 1 ml of ice-cold 0.2 M acetic acid containing 0.5 M NaCl for 5 min on ice . An additional wash was performed with the same buffer and the two washes were pooled . The filters were then excised and the samples were counted in a gamma-counter (Beckman Instruments, Inc ., Palo Alto, CA). Non-specific binding was determined by adding a 1,000-fold excess of cold NGF to the radioactive NGF Acid-released radioactivity was considered to be surface bound whereas acid-resistant radioactivity was a measure of internalized ligand (3) .
Results
Pblarized Expression ofhNGFR in nansfected MDCK Cells
A cDNA encoding the 75-kD human NGF receptor was expressed in type II MDCK cells using the retroviral expression vector pmVE1. After selection with the neomycin analog G418, resistant cells were screened for expression with a rosetting assay. Positive cells were cloned twice by limiting dilution and clones expressing hNGFR identified by indirect immunofluorescence using a mAb, ME 20.4. Two independent clones were studied with identical results .
A strong labeling of the apical domain was observed by indirect immunofluorescence on paraformaldehyde-fixed monolayers en face (Fig . 1 a) and on semithin frozen sections ( Fig . 1 b) . A much lower expression was detected on the basolateral membrane . The apical localization was confirmed at the ultrastructural level by indirect gold labeling on ultrathin frozen sections (Fig . 2 ) . An intense labeling was observed on apical microvilli and on intermicrovillar areas while much lower gold levels were observed on the basal and lateral membranes. To quantify the polarity of the hNGFR we used a biotin assay (56) . MDCK monolayers grown on filters were labeled with S-NHS-biotin from the apical or from the basolateral side. Biotínylated hNGFR was revealed Le Bivic et al . Human NGFR Polarity in MDCK Cells by immunoprecipitation, SDS-PAGE and t 25 í-streptavidin blotting (Fig. 3) . We found that 80 % of the receptor was apical ; a control apical marker, Gp114 (28, 55), the major apical sialoglycoprotein of MDCK cells, was somewhat better polarized, >90% apical, in the same cells .
Expression ofhNGFR Mutants in MDCK Cells
Having established that the wild type hNGFR (WT hNGFR) is sorted apically, we carried out experiments to determine the localization of the sorting information in this protein . We expressed in MDCK cells three constructs containing different deletions (Fig . 4 A) to test different hypotheses on possible targeting signals . The BE mutant receptor has a deletion of several potential juxtamembrane attachment sites for a cluster of O-linked carbohydrate side chains which, because of their position near the bilayer, might interact with glycolipid carbohydrates in the bilayer and mediate apical sorting . The XI mutant hNGFR has a deletion of the entire cytoplasmic domain with the exception of the five amino acids closest to the membrane; this construct was used to test the contribution of the cytoplasmic tail to apical sorting . Finally, the PS mutant receptor has a deletion in the cytoplasmic domain that places Tyr308, normally 64 amino acids away from the membrane, in a position closer to the bilayer . In this position (seven amino acids away from the last hydrophobic amino acid) the tyrosine residue is surrounded by several charged aminoacids (Ser, Lys, Arg, and Asn) resembling the environment recently described by Ktistakis et al . (23) as being most favorable to induce endocytosis of the normally poorly internalized influenza HA (Fig . 4 B) . The second cytoplasmic tyrosine (Tyr340) is surrounded by hydrophobic amino acids (Fig. 4 B) and is thus not expected to play an important role in endocytosis .
These constructs were transfected in MDCK cells and stable clones expressing hNGFR, as assayed by indirect immunofluorescence, were obtained . To estimate the level of mutant hNGFR expression in the selected clones, as compared to WT hNGFR, cells were pulsed with 3 s[S]cysteine for 3 h and the different hNGFR mutants were immunoprecipitated and analyzed by SDS-PAGE and fluorography (Fig.  5 A) . WT hNGFR had the strongest level of expression and the XI mutant the weakest . The apparent molecular weights of the protein products were in good agreement with the sizes 609 Figure 2 . Ultrastructural localization of WT hNGFR . Ultrathin frozen sections of confluent MDCK cells expressing hNGFR were stained with ME 20.4, affinity purified rabbit anti-mouse IgG and 5-nm gold protein A. Most of the gold particles accumulate on the apical membrane and some can be seen on the basolateral membrane. ap, apical membrane ; lat, lateral membrane; b, basal membrane. Bar, 0 .3 Am .
of the deletions introduced . To determine whether the mutants were correctly processed, we followed the acquisition of complex carbohydrate chains by a 20-min metabolic pulse with 3 s[S]cysteine, followed by a chase (Fig . 5 B) . A shift in the apparent molecular weight was observed for all the mutants during the chase ; processing occurred with identical half-times (N30 min) indicating that the mutations introduced did not affect folding, exit from the ER, or migration along the secretory pathway (52) . The WT, BE, and XI mutants were stable over 6 h while the PS mutant was rapidly degraded with a half-life of ti 3 h. The addition of 0-linked sugars was monitored by Neuraminidase and O-Glycanase treatment of hNGFR immunoprecipitated from cells labeled
The Journal of Cell Biology, Volume 115, 1991 for 16 h with "[S]cysteine. The WT, XI, and PS mutant proteins showed a shift in their migration on SDS-PAGE after digestion by both Neuraminidase and O-Glycanase but a shift in the electrophoretic mobility of the BE mutant protein was not detected, consistent with a deletion of its O-glycosylation sites (data not shown) .
Pblarized Expression of the hNGFR Mutants in MDCK Cells
We investigated the cellular distribution of the hNGFR mutants expressed in MDCK cells . Indirect immunofluorescence on fixed intact cells detected a clear punctate apical 61 0 staining in WT, BE, and XI hNGFR expressing cells (Fig . 6 , A-C), while no staining could be seen in PS hNGFR and untransfected MDCK cells (Fig . 6, D and E) . When the cells were permeabilized with saponin, PS hNGFR expressing cells showed specific fluorescence on the basolateral membrane and on perinuclear vesicles (Fig . 6 I) .
To confirm these localizations we used surface immunoprecipitation (25) since labeling with S-NHS-biotin gave signals too weak to be quantified in the case of the XI and the PS hNGFR mutants (not shown) . Cells expressing the WT, BE, XI, and PS mutants of hNGFR were grown on filters for 6 d and were labeled overnight with 35 [S]cysteine . The cells were then incubated for 2 h with ME 20 .4 antibodies added to the apical or the basolateral medium at 4°C. After several washes at 4°C the cells were lysed, the WT, and mutant hNGFR-antibody complexes precipitated with Protein A-Sepharose beads and analyzed by SDS-PAGE followed by fluorography (Fig . 7) . WT, BE, and XI hNGFRs were predominantly (>80%) precipitated by apical antibody. On the other hand, <5% of surface PS hNGFR could be precipi- tated from the apical side ; most of the surface fraction was basolateral (>95 %), confirming the reversed polarity of this mutant receptor. Furthermore, PS hNGFR displayed the largest fraction of intracellular (surface antibody inaccessible) molecules (not shown) . As a control, the polarity of Gp114 was assayed by the biotin polarity assay in the same cells and found to be apical (-90%) in all clones (data not shown) indicating that the reversed polarity of PS hNGFR was not the result of a generalized reversion of all apical proteins .
The reversed polarity of PS hNGFR may have two possible explanations. Either the receptor is targeted directly to the apical surface and is then transcytosed, or the mutation results in its reversed targeting from the Golgi apparatus to the basolateral surface . To distinguish between these two possibilities, we compared the targeting of newly synthesized hNGFR in the WT and the PS mutants using a continuous antibody targeting assay that we previously described (25) . Confluent monolayers grown on filters were pulsed for 20 min and then chased for 180 min at 37°C in the presence of hNGFR antibodies added either to the apical or to the basolateral media . After several washes at 4°C the cell extracts were immunoprecipitated and analyzed by SDS-PAGE and fluorography. Less than 20% of newly synthesized WT hNGFR could be detected by continuously added basolateral antibodies, whereas >80% was bound by apical antibodies
The Journal of Cell Biology, Volume 115, 1991 indicating that the apical pool of WT hNGFR reached directly the apical surface from the Golgi apparatus (Fig . 8,  WT) . On the other hand, >90 % of newly synthesized surface PS hNGFR bound to basolateral antibodies and almost none to apical antibodies continuously added during the time of surface delivery, which is consistent with reversed (basolateral) targeting (i .e., opposite to WT hNGFR) (Fig. 8, PS) . PS hNGFR displayed a larger (antibody inaccessible) intracellular fraction than WT hNGFR .
Binding and Internalization of 1251-NGF Cells expressing PS hNGFR showed strong specific intracellular immunofluorescence (Fig . 6) , a large intracellular fraction inaccessible to surface immunoprecipitation (Fig . 8) and a normal Golgi processing coupled with a rapid degradation rate (Fig . 5 B) . All of these parameters are consistent with increased internalization . To directly compare its endocytic capacity with that of WT and other mutant hNGFRs, we measured the binding and internalization of 'III-NGF from the apical and from the basolateral sides of filter-grown monolayers . Binding assays were performed at 37°C . Scatchard analysis of binding to WT hNGFR indicated a single binding constant (K, = 7.5 x 10-'°M, comparable to that of low affinity NGF receptors (3) (data not shown) . The affinity for NGF is not expected to be changed by any of the (Fig. 9) , thus showing a high endocytic capacity. Of the total cell-associated 1151-NGF, 93 % was acid insensitive (intracellular) in PS hNGFR cells after 1-h binding, whereas the opposite (94 at the cell surface) was observed for WT hNGFR in the same time . The BE and Xl hNGFR mutants showed three-and fivefold increases in 1151-NGF internalization with regard to WT.
Interestingly, wild type and mutant receptors internalized Figure 7 . Surface immunoprecipitation of hNGFR mutants expressed in MDCK cells . Cells grown on filters for 6 d were labeled overnight with 0.2 mCi/ml of 35 [S]cysteine . After a 1-h chase, the cells were incubated at 4°C with ME 20.4 antibodies (10 gl/ml) either in the apical (a) or in the basolateral (b) medium, or in both (+) for 2 h. The cells were then washed extensively and the hNGFR-ME 20.4 complexes were precipitated with protein A Sepharose beads . The immunoprecipitates were analyzed by SDS-PAGE and fluorography. WT hNGFR and the BE and Xl mutants were precipitated predominantly from the apical side while the PS mutant was mainly precipitated from the basolateral side. Arrowheads denote the hNGFR mutants ; the other bands seen are non specific products from the immunoprecipitation, as they are observed in all lanes.
NGF more efficiently from the basolateral than from the apical side ; this internalization was specific since it was not observed in untransfected MDCK cells under the same experimental conditions (Fig . 9) . WT, BE, and XI internalized approximately three to four times more NGF from the basal than from the apical side, in site of a fourfold apical concentration . PS hNGFR internalized -30 times more NGF from the basal than from the apical side, consistent with its concentration on the basal surface. Furthermore, the coefficient surface/internalized (basolateral) 125 1-NGF was much lower than one for PS hNGF, but always greater than one for WT, BE, and XI NGFR, indicating that the 57 cytoplasmic amino acid deletion introduced into PS hNGFR largely increased its ability to endocytose its ligand . Thus, the increased endocytosis of PS hNGFR depends on both an intrinsic change in its structure and on its basolateral localization, which promotes the endocytosis of all hNGFR constructs. [S]cysteine (1 mCi/ml) then chased for 180 min in the absence (t) or in the presence of ME 20.4 antibodies (10 1,1/ml) added to apical (a), basolateral (b), or both sides (a+b) . Cells were then washed thoroughly and ME 20.4-hNGFR complexes were extracted and precipitated with protein A-Sepharose beads. A sample was directly immunoprecipitated with ME 20.4 antibodies (t) . After SDS-PAGE, hNGFR, and its mutants were detected by fluorography. WT hNGFR was mainly detected on the apical side while PS hNGFR was detected on the basolateral side, indicating an opposite intracellular sorting of the two hNGFR forms .
In confluent monolayers, WT hNGFR was apically polarized, as shown by indirect immunofluorescence en face and on semi-thin frozen sections, by immuno-gold labeling on ultra-thin frozen sections, by a biotin polarity assay, by cell surface immunoprecipitation and by 1 21 I-NGF binding to filter-grown cells. Quantitatively, 80% of the WT hNGFR was present on the apical side; this polarity was somewhat lower than observed for a major apical sialoglycoprotein of MDCK cells, Gp114 (28, 55) , which was 90% apical with the same biotin polarity assay. An antibody targeting assay that was used previously to demonstrate the transcytotic pathway of an apical glycoprotein in Caco-2 cells (25) showed that the apical distribution of hNGFR resulted from vectorial targeting from an intracellular site, presumably the TGN . Therefore, hNGFR follows the pattern of all apical proteins of MDCK cells studied to date (28, 31, 36, 41) . The somewhat lower polarity of hNGFR (compared with Gpl14) may have three possible explanations . First, the apical targeting machinery may recognize less efficiently apical information in hNGFR than in Gpl14. Second, the receptor might be partially transcytosed after delivery to the apical surface. Third, hNGFR may have some basolateral targeting information competing with apical targeting information .
A possible role of NGFR in transcytosis is suggested by previous work that described a low efficiency uptake on NGF by the intestine of newborn rats (57) ; however, the presence of the receptor was not established in these studies . Interestingly, in this regard, a cell line derived from a human colon adenocarcinoma, SK-CO-15 (27) , expresses endogenously 75-kD NGF receptor on the apical membrane (Le Bivic, A ., unpublished results) . However, analysis of the sorting of a pulse of newly synthesized WT hNGFR by the addition of antibody to the apical or the basolateral medium during the Figure 9 . NGF binding and internalization in transfected MDCK cells. Confluent monolayers on polcarbonate filters were incubated 1 h at 37°C with 125I-NGF with or without an excess of cold NGF (1,000x) , from the apical or the basolateral side, and then washed at 4°C with PBSCaMg. Filters were then acid washed as described (see Materials and Methods) to determine the surface bound 'uI-NGF and the radioactivity still associated to the filter after acid wash was counted as internalized NGF. Results are corrected for nonspecific binding in the presence of excess cold NGF . (Left) Results are expressed as percent of total cell associated radioactivity. For each construct, top bars represent binding and internalization from the apical side and bottom bars idem from the basolateral side. 100% ofcell associated NGF is the sum of top and bottom bars (binding plus internalization) . (Right) the corresponding surface binding and internalization cpm are shown for each construct ; top numbers correspond to apical and bottom numbers to the basolateral side. Control untransfected MDCK cells showed only background binding . Standard deviation was <15 % and experiments were done several times in duplicate or triplicate. Whereas bound NGF is mainly at the cell surface in cells expressing WT hNGFR, it is mainly intracellular in cells expressing the PS mutant .
chase detected the same fraction of apical hNGFR (80 %) as in steady state, suggesting that transcytosis probably plays a negligible role in determining its steady state distribution . This is in agreement with the observation that the hNGFR expressed in MDCK cells is of the low affinity type and is poorly endocytosed .
Role ofhNGFR Domains in Sorting
Having established that WT hNGFR is apically sorted, we investigated the domain localization of the putative sorting signals . The extracellular domain of hNGFR contains four 40 amino acid repeats with six cysteine residues at conserved positions followed by a serine/threonine-rich region (the site of attachment of several O-linked sugars), a single transmembrane domain, and a 155 amino acid cytoplasmic domain containing two tyrosines and a serine phosphorylation site (21) . Deletion of the region containing attachment sites for O-linked sugars (BE construct) had no effect on the apical expression of the mutant hNGFR or on its stability suggesting that O-linked carbohydrates are not involved in the apical sorting of hNGFR via clustering with membrane sphingolipids (63) .
We then examined the role of the cytoplasmic domain in targeting ofhNGFR. Deletion of 150 out of 155 amino acids ofthe cytoplasmic tail (XI mutant) did not alter the polarized expression of hNGFR (still -80% apical), which restricts the localization of theputative apical signal to the transmembrane and/or ecto domains . Several plasma membrane proteins with the apical surface as the final destination appear Le Bivic et al. Human NGFR Polarity in MDCK Cells 61 5 to possess apical targeting information in the ectodomain (39, 40, 42) . Moreover, GPI-anchored proteins which lack a cytoplasmic domain are preferentially expressed on the apical membrane of epithelial cells, with apical targeting information contained in the GPI, in the protein ectodomain, or in both (33, 34, 68) .
Basolateral Localization ofA Mutant hNGFR with An Internal Deletion in the Cytoplasmic Tail A surprising result was obtained when we analyzed the effect of a 57 amino acid deletion within the cytoplasmic domain of the hNGFR . This mutant receptor (PS mutant) was expressed almost exclusively on the basolateral membrane (95 %). The reversed polarity of this mutant receptor was shown to be the result of altered intracellular sorting at the TGN by a continuous antibody targeting assay. An 'uI-NGF binding and internalization assay detected very little intracellular accumulation of NGF from the apical side, confirming that PS hNGFR does not transit through the apical membrane . The binding assay unveiled another surprising result: a 100-200-fold increase in the endocytosis of ligand by the mutant receptor as compared with WT hNGFR . Analysis of the internalization of NGF from both apical and basolateral surfaces indicated that this increased endocytic capacity was an intrinsic property of the receptor, since the basolaterally internalized NGF was at least 100 times greater than the basolateral surface binding for PS hNGFR but smaller than the basolateral surface binding for WT, BE, and XI receptors. However, part ofthe increased endocytic ability ofNGF by PS hNGFR may be attributed to its preferential basolateral localization, since specific internalization, normalized by the amount of receptor, was -10-15 times higher from the basolateral side for all forms of hNGFR. Similarly, endogenous MDCK LDL receptor, which is expressed with slight preference for the basolateral surface (ti2/3 of total surface binding) endocytoses and degrades LDL 6-10 times more efficiently from the basolateral side (29) . Perhaps, this reflects a higher nonspecific internalization rate of the basolateral plasma membrane . Although rates of internalization of fluid markers are similar for both membranes of MDCK cells, the rates of bulk internalization of both membranes have not been measured (4, 67) . A possible interpretation of our results is that the PS mutant of NGFR expresses a new basolateral targeting signal in the cytoplasmic domain that is dominant over apical targeting information in the ecto/transmembrane domains . This basolateral "signal" modifies the sorting of the receptor intracellularly, most likely at the level of the TGN, so that the mutant receptor is targeted vectorially to the basolateral surface . Alternatively, the deletion in the cytoplasmic domain might introduce a conformational change in the hNGFR that prevents recognition of the apical targeting signal by the apical targeting machinery. Our results do not allow us to discriminate fully between these two possibilities . However, since deletion of almost the entire cytoplasmic domain does not alter the apical localization the first possibility appears as the most likely one .
Recent results are consistent with the presence of basolateral targeting information in the cytoplasmic domain of certain plasma membrane proteins. Such a role for the cytoplasmic domain was shown first for the pIgR. A tail-minus pIgR is transported directly to the apical membrane, instead of via the transcytotic route (42) . The information for basolateral targeting is contained within 17 juxtamembrane cytoplasmic amino acids and can be transferred to other proteins (10) . A result similar to the one described here for hNGFR was recently reported for the FcRII of macrophages and leukocytes. Two natural isoforms that differ only by an in frame insertion of 47 amino acids in their cytoplasmic domains, have an opposite polarity after transfection in epithelial cells (20) . This work did not determine, however, whether the altered (basolateral) distribution of the FcRII with the long cytoplasmic tail was because of altered intracellular sorting and vectorial basolateral targeting or to newly acquired transcytotic ability. Very recent results (21a) indicate that the first possibility (i.e ., basolateral sorting) is the correct one . Independent evidence for a role of cytoplasmic domains in basolateral targeting is suggested by the experiments of Brown et al . (6) . These workers showed that attachment of placental alkaline phosphatase to transmembrane and cytoplasmic regions of VSV G protein resulted in the basolateral localization ofthe fusion protein (6) . Whether the transmembrane or the cytoplasmic domains of VSV G carry the sorting information and whether vectorial targeting accounts for basolateral location is not known .
Increased Endocytosis ofPS hNGFR
Another important new property of the PS mutant of the hNGFR is its highly increased ability for endocytosis of NGF. As was pointed out, the deletion brings Tyr 308 into a more favorable environment to be recognized as an endoThe Journal of Cell Biology, Volume 115, 1991 cytic signal (Fig. 4 B) . It is unlikely that increased endocytosis of PS hNGFR be a result of nonspecific effects such as aggregation, since no unusual oligomerization is detected by crosslinking experiments in fibroblasts expressing this mutated hNGFR (19) . Several groups have characterized the role of tyrosine and neighboring residues in endocytosis (11, 23, 24, 38) . Roth and his co-workers have shown that addition of a tyrosine residue (tyr 543) to the short cytoplasmic domain of influenza HA (Fig . 4 B) promotes efficient endocytosis of this normally poorly internalized molecule (24) . Recent work indicates thatan environment ofpolar or charged amino acids in the vicinity of tyrosine promotes endocytosis even further (11, 23, 24, 38) . In the PS hNGFR mutant, tyrosine 308, located 64 amino acids away from the membrane in the wild type receptor, is located seven amino acids from the lipid bilayer in the immediate neighborhood of several polar or charged residues (Fig. 4 B) . It is tempting to speculate that this is an important factor in the acquisition of endocytic ability by PS hNGFR ; however, direct proof of this point will require removal of Tyr 308 by site-directed mutagenesis . Because the most distal tyrosine residue (Tyr 340) is surrounded completely by hydrophobic amino acids, it is unlikely that it plays a role in endocytosis .
Endocytic ability and basolateral targeting have been correlated in some instances . Influenza HA with a new tyrosine residue in its short (10 amino acids) cytoplasmic tail is targeted to the basolateral membrane in transfected MDCK cells (6a). Furthermore, whereas WT LDL receptor is targeted to the basolateral membrane of transfected MDCK cells, an LDL receptor mutant defective in endocytosis, a result of deletion of the cytoplasmic domain, is delivered to the apical surface (21a, ref. cited) . The basolateral FcRII isoform has also increased affinity for coated pits whereas the apical isoform is excluded from coated pits (20) . However, exceptions to this rule also exist . In transgenic mice, the LDL receptor is expressed apically in kidney cells, where it is concentrated in coated pits, but is localized basolaterally in liver and intestine cells, where it is excluded from coated pits (44) . A pIgR mutant with a deletion of all but the 17 proximal tail amino acids is still basolateral but is not endocytosed whereas another mutant lacking the 14 proximal tail amino acids is apical (10) . Thus, in some cases (FcR, influenza HA, hNGFR, and LDL receptor in MDCK cells) endocytic ability correlates with basolateral targeting whereas in other cases (PolyIgR, LDL receptor in transgenic mice) these two properties can be dissociated . Thus, basolateral targeting signals may be similar but not identical to endocytic signals .
The correlation between endocytic ability and basolateral targeting (where observed) would suggest a possible sorting role for TGN adaptor proteins . Adaptor proteins have been classified into two classes, HAI, found in Golgi-coated pits and HA2, found in plasma membrane-coated pits (1, 47, 48) . Both HAI and HA2 bind to the cytoplasmic domain of the calcium independent mannose-6-phosphate receptor but a receptor mutated in its tail tyrosine still interacts with HAI but not with HA2, which demonstrates that these two adaptors recognize different features in the tail (13) . It must be noted too that the CI-M6PR is detected only at the basolateral surface of MDCK cells (45) . It may be speculated that an adaptor at the Golgi level, possibly HAI, recognizes a basolateral signal in the tail of some basolateral proteins re- 61 6 suiting in their recruiting into basolaterally targeted vesicles or preventing their incorporation into apical carrier vesicles.
It has been proposed that in epithelial cells only the apical pathway is signal mediated whereas the basolateral pathway is default (58) . This suggestion was made on the basis oftwo lines of evidence. First, the basolateral membrane is thought to be equivalent to the plasma membrane of nonpolarized cells and there is some evidence that transport from the TGN to the plasma membrane occurs by default in nonpolarized cells (22) . Second, apical proteins frequently leak into the basolateral route whereas the opposite (basolateral proteins significantly leaking into the apical pathway) has not been observed yet . The results presented in this report and work from other laboratories (20, 42, 43) suggest that, at least for some basolateral proteins, there may be a signal involved in their targeting to the basolateral membrane and therefore transport to the basolateral membrane would not be a default mechanism.
